The spinal cord is composed of a large number of cells that interact to allow the organism to function. To perform detail studies of cellular processes involved in spinal cord injury (SCI), one must use repeatable and specific methods to target and injure restricted areas of the spinal cord. New method: We propose a robust method to induce SCI in zebrafish by laser light. With a 2-photon microscope equipped with a femtosecond near-infrared pump laser, we explored the effects of laser beam exposure time, area, and intensity to induce precise and repeatable SCI with minimized collateral damage to neighboring cells. Results: Through behavioral studies in zebrafish larvae, we assessed the functional outcome of intensive laser light directed at the spinal cord. Our experiments revealed that a laser pulse with wavelength 800 nm, duration 2.6 ms, and light intensity 390 mW was sufficient to induce controlled cell death in a single cell or a spinal cord segment. Collateral damage was observed if cells were exposed to laser pulses exceeding 470 mW. With these settings, we could induce precise and repeatable SCI in zebrafish larvae, resulting in loss of motor and sensory function.
Introduction
Spinal cord injury (SCI) is a state that typically involves damage to a large number of cells and gives rise to cell death and inflammation in the surrounding tissue. SCI is commonly caused by trauma to the spinal cord from a traffic accident, diving, or falling. This trauma directly or indirectly affects many different cell types, e.g., neurons, glial cells, smooth muscle cells, and immune cells, as well as connective tissues and vasculature (Ahuja et al., 2017) . SCI can be divided into two different phases: a primary phase that includes the physical trauma to the tissue and a secondary phase that involves several processes, e.g., swelling, scar formation, excitotoxicity, immune mediated toxicity, and production of reactive oxygen species (Norenberg et al., 2004; Tator and Fehlings, 1991) . Few efforts have been made to establish research tools to induce SCI in living organisms with exact spatial targeting and high reproducibility. Current knowledge of SCI and the resulting cell injury is still very limited; thus, better research tools are needed for progress in the treatment of patients with SCI.
Near-infrared femtosecond laser pulses can be used as a powerful tool for microsurgery to specifically target organelles, single cells, or tissue (Vogel et al., 2005) . This technique has been used for many purposes including subcellular dissection of mitochondria (Watanabe et al., 2004) , microtubules (Botvinick et al., 2004) and optotransfection (Tirlapur and Konig, 2002) . The key advantage of using a femtosecond laser to induce spatially precise cell death is that this type of laser works with near-infrared (∼800 nm) light that penetrates tissue deeply due to low light scattering and absorption (Vogel et al., 2005) . Furthermore, with ultrashort pulse durations (140 fs), subcellular microdissection can https://doi.org/10.1016/j.jneumeth.2018.10.035 Received 18 July 2018; Received in revised form 28 October 2018; Accepted 29 October 2018 be achieved with lower laser intensity (Konig et al., 1999) than is necessary with slower lasers (Aist et al., 1993; Liang et al., 1993) or ultraviolet laser micro-scissors (Aist et al., 1993) , which require two to three orders of magnitude higher laser intensity to inflict the same injury (Noack et al., 1998) . However, in order to achieve highly reproducible and specifically targeted cell death without collateral damage, the settings of the laser exposure must be tightly controlled.
The zebrafish is an excellent model system to study cellular mechanisms in living animals (McLean and Fetcho, 2011) . The variety of available transgenic strains is vast and offers the ability to easily follow and manipulate cells and molecular mechanisms. Another advantage of the zebrafish is that it is optically transparent during development and can be kept so by chemical treatment (Whittaker, 1966) . Mutated animals can also maintain their transparency to adulthood (Lister et al., 1999) . The behavioral repertoire of zebrafish can be used to assess basic (e.g., spontaneous locomotion, reflexes) as well as complex (e.g., social interactions, learning and memory, fear and aggression) behaviors, as they are well characterized in zebrafish (Blaser and Vira, 2014; Kalueff et al., 2013) . In addition, zebrafish are less expensive to house and maintain compared to rodents. Remarkably, zebrafish have an intrinsic capacity for regeneration in the central nervous system (CNS) and they regain locomotor function after a lesion to the spinal cord (Briona and Dorsky, 2014; Li et al., 2018; Ohnmacht et al., 2016) . This is well established in zebrafish larvae and has been assessed using different SCI lesion methods, including glass capillary (Bhatt et al., 2004) , metal needle (Wehner et al., 2017) , or laser lesion . Thus, the zebrafish is an efficient model system for studies of complex and severe pathological events that occurs after a SCI.
Materials and methods

Imaging
Live zebrafish and cell recordings were carried out with a twophoton (2p) laser scanning microscope (LSM510NLO Meta, Carl Zeiss, Jena, Germany) equipped with Zeiss Zen software, objective lenses (40×/1.0 NA, 20×/1.0 NA), and a Chameleon Ultra-II Ti:sapphire tunable near-infrared laser (Coherent, CA, USA). We used 20×/1.0 NA and 512 × 512 pixels for all cell death and spinal cord lesion experiments. Differential interference contrast images were recorded with a confocal microscope (LSM700, Carl Zeiss, Jena, Germany). For all experiments using living cells, the temperature was controlled with a perfusion chamber (Warner Instruments, CT, USA). Image postprocessing was carried out with ImageJ v1.44p (NIH, USA) and Imaris (Bitplane, MA, USA).
Power profile measurements
Assessment of the light intensity was performed with a light power meter (FieldMax II, Coherent, CA, USA) equipped with a thermopile sensor (PM-10, Coherent, CA, USA). The light intensity was measured with continuous uni-directional scanning, zoom factor 1.0, resolution 512 × 512 pixels, and pixel dwell time 25.61 μs (Fig. 1A and C) . Measurements were carried out either with or without the objective lens mounted to avoid influence from the optics.
Reagents
Reagents were as follows: FAM-FLICA assay (ImmunoChemistry Technologies, MN, USA), propidium iodide (PI, Sigma-Aldrich, St. Louis, MO USA), ethyl 3-aminobenzoate methanesulfonate (MS-222, #A5040, Sigma-Aldrich), low-gelling-temperature agarose (#A9414, Sigma-Aldrich), Tris-base (Sigma-Aldrich), Triton X-100 (SigmaAldrich), 10 
Animals
Zebrafish (Danio rerio) were raised and kept in a core facility at the Karolinska Institutet at 28°C on a 14 h light and 10 h dark cycle. Embryos were collected from natural spawning and raised at 28.5°C in E3-water in an incubator without light according to established procedures. The following zebrafish lines were used: Tg(Tol-056) (Satou et al., 2009) , Tg(GFAP:GFP) (Bernardos and Raymond, 2006) , and wild type (AB). All zebrafish used were 24-144 h post fertilization (hpf). The animals were deeply anaesthetized with 0.02% (w/v) MS-222 in E3-water prior to experiments and then mounted in 1% low-melt agarose. The effect of the anesthesia was validated by a gentle touch to the caudal part of the fin. The imaging chamber was perfused with the MS-222 solution when the length of the experimental procedure exceeded 20 min. All animal experiments received ethical approval (Stockholm North Ethical Committee, ethical permit # 5.2.18-7602714).
Cell lines
HeLa cells passaged 5-20 times were used and cultured as previously described (Lundgren et al., 2012) . Cells were cultured as monolayer at ∼80% confluency in DMEM containing 10% FBS and 1% Pen-Strep with phenol red. Experiments were then carried out in Krebs buffer containing the following (in mM): NaCl 119.0, KCl 2.5, NaH 2 PO 4 (monobasic) 1.0, CaCl 2 ·2H 2 O 2.5, MgCl 2 ·6H 2 O 1.3, HEPES 20.0, Dglucose (dextrose) C 6 H 12 O 6 11.0, adjusted to pH 7.4. Gridded Petri dishes (MatTek, MA, USA) were used for back-tracing of cells.
Spinal cord injury
Zebrafish were anesthetized with 0.02% MS-222 in E3-water and thereafter mounted in 1% low-melt agarose in a 35 mm Petri dish. For laser-induced SCI, the Petri dish containing the zebrafish in agarose was mounted on the 2p microscope for SCI experiments. After SCI was induced, the zebrafish were taken out of the agarose and washed with fresh E3-water for one min. Then, the animals were placed in a 24-well plate with fresh E3-water to recover for 2 h in an incubator set to 28.5°C and the light turned on before further testing. For needle-induced SCI, zebrafish larvae (4 dpf) were anesthetized with 0.02% MS-222 in E3-water. Larvae were then placed on the lid of a Petri dish and excess water was aspirated. Next, the spinal cord was transected with a sharp 30 G syringe needle at the level of the 10 th spinal segment, as described elsewhere (Wehner et al., 2017) . Duration of laser-induced SCI in zebrafish larvae were as follows (times are skill dependent and therefore approximations):
• Zebrafish larvae is anesthetized and mounted agarose (3 min/animal).
• A z-stack is recorded before the treatment to outline the spinal cord (2 min/animal).
• A SCI is induced by laser exposure (3 min/animal).
• A z-stack is recorded after the treatment to verify the lesion (1 min/ animal).
• Zebrafish larvae is released from the agarose (2 min/animal).
All together the procedure to cause a laser-induced SCI in zebrafish larvae takes roughly 11 min per animal.
Zebrafish locomotor behavior
Zebrafish locomotor function tests were performed in a behavior experimental setup (DanioVision™, Noldus Information Technology, Wageningen, the Netherlands) customized for ambient light control and acoustic stimulation (Spulber et al., 2014) . The temperature of the recording chamber was maintained at 28.5°C throughout the recording (Temperature Control Unit, Noldus). The zebrafish larvae were plated individually in 24 well plates, then allowed to acclimatize for a minimum of 10 min before starting the behavior test. EthoVision™ XT 10 (Noldus) software was used for video-tracking of swimming activity at 50 frames per second (fps), and for controlling acoustic stimulation and ambient light. Swimming activity was recorded at 50 fps (Basler™ ace acA1300-60gc, Basel, CH; low-pass IR filter, ROI size 800 × 600 pixels) against constant background infrared illumination. Sensation assessment was performed by manually applying a tungsten needle to the zebrafish. Tracking data was exported as text files, and the analysis were performed using custom routines implemented in Matlab™ (The Mathworks, MD, USA). Behavioral data are shown as total swim distance (mm) and average velocity (mm/s) during 3 min.
Cell death
Cell death was determined either when detecting cell blebbing, nuclear pyknosis and/or ruptured cell membrane or by measuring the enzymatic caspase-3/7 activity with a FAM-FLICA assay following the manufacturer's instructions (Immunochemistry Technologies, MN, USA). Briefly, FLICA enters into cells and irreversible binds to active caspases-3/7. Cells were incubated in FLICA for 1 h at 37°C, washed 3 times in apoptosis wash buffer (included in the assay), and thereafter cells were labeled with PI and Hoechst. Cells were then imaged with a confocal microscope (LSM510 META, Carl Zeiss, Jena, Germany), excited with 488 nm and detected at 515-550 nm.
Intracellular Ca 2+ imaging
Cellular cytosolic Ca 2+ levels were examined with the Ca 2+ indicator Fluo-4/AM (5 μM). Cells were loaded in DMEM at 37°C for 20 min and thereafter washed twice in KREBS solution. Experiments were performed in Krebs solution using a heat-controlled perfusion chamber (QE-1, Warner Instruments, CT USA). Excitation was carried out at 488 nm with a 1-2 Hz sampling frequency, and emission was detected at 500-550 nm (LSM510 NLO, Carl Zeiss, Jena, Germany).
Image analysis was performed with Fiji (ImageJ, National Institutes of Health, Washington, DC).
Fluorescence staining of zebrafish embryos
Zebrafish embryos were fixed in 4% paraformaldehyde in PBS, washed 3 times in PBS containing 0.5% Triton X-100 (PBS-T) for 30 min at room temperature (RT). Blocking was performed for 2 h at RT, in a solution comprised of 0.1% Triton X-100, 5% NGS and 1% BSA, all diluted in PBS-T. For visualization of F-actin, embryos were incubated in blocking solution together with TexasRed-X Phalloidin (1:200, #T7471, Invitrogen) overnight in 4°C. Before imaging, embryos were washed in PBS-T for 2 h, mounted in 4% low-melt agarose, and sectioned at thicknesses of 200 μm (Leica VT1000S, Leica, Germany). Images were recorded with a confocal microscope (LSM700, Carl Zeiss, Jena, Germany).
Microinjection and detection of GFP expression
For identification of individual skin cells, the vector pmini (zK5p-EGFP) containing Tol2 transposon sequences was co-injected (80 μg/ mL) with Tol2 mRNA (4 μg/mL) into embryos at 1-4 cell stage. The Tol2 mRNA was produced by in vitro transcription using the mMessage mMachine Kit SP6 (#1340, Ambion). At 24 hpf embryos were dechorinated, anesthetized (0.02% MS-222), and mounted in 1% low-melt agarose on a coverslip for imaging and single cell ablation.
Statistics
Data are presented as the means ± SEM. All measurements were performed a minimum of three times. Unpaired one-tailed Student's ttests were used for single comparisons and one-way analysis of variance (ANOVA) followed by Fisher's Least Significant Difference (LSD) tests were used for multiple comparisons. Results were considered significant at *p < 0.05, **p < 0.01, or ***p < 0.001. All statistical analyses were performed with GraphPad Prism 7 (GraphPad Software, CA USA).
Results
Laser exposure parameters
We sought to develop a precise and robust method for inducing SCI in zebrafish larvae in a 2p microscope equipped with a tunable nearinfrared femtosecond laser (Fig. 1A) . First, we mapped the light intensities at wavelengths spanning from 700 nm to 900 nm with steps of 10 nm at output power 50% and 100% (Fig. 1B) . The light intensity was measured in watts using a thermopile sensor connected to a power meter (see Methods section). We detected the highest peak at approximately 800 nm at both 50% and 100% output power. Then we assessed the correlation between light intensity and output power at 800 nm. We observed linear correlations both with and without the objective lens mounted (Fig. 1C) .
Next, we moved into cultured HeLa cells and examined cell death induced by laser light. A cell was confirmed dead when we observed morphological changes, such as cell blebbing, ruptured plasma membrane, nuclear pyknosis, DNA fragmentation, or cleaved caspase-3/7. We adjusted the tunable near-infrared femtosecond laser to 800 nm and 30% output power (230 mW) and exposed a single HeLa cell to the light ( Fig. 2A) . As starting point, we set the pixel dwell time (exposure time per pixel) to 25.61 μs and the exposure area to 10 × 10 pixels (approximately 1/10 of the cell size). Thus, the total duration time for the 10 × 10 pixel area was 2.6 ms. We did not observe any visible morphological changes in the target cell using these settings. Then, we increased the output power to 50% (390 mW) while keeping the other parameters fixed. With this setting, we observed morphological changes in the exposed cell (Fig. 2B, D) . When the output power was adjusted to 80% (630 mW), we started to observe effects on neighboring cells (Fig. 2C) , such as cell blebbing (Fig. 2E) . To further assess cell death and collateral damage on neighboring cells we explored DNA fragmentation and cleaved caspase-3/7. Using the same setting as in Fig. 2A (800 nm/230 mW/2.6 ms) we could not detect any cell death (Fig. 2F) . Then, we again increased the output power to 50% (390 mW) while keeping the other parameters fixed. Now we observed both DNA fragmentation and cleaved caspase-3/7 in exposed cells (Fig. 2G) . We thereafter performed a quantitative analysis by adjusting the output power between 0-100% (0-810 mW) using wavelength 800 nm and duration 2.6 ms (Fig. 2H) . From this analysis we could determine that the power between 40-60% (310-470 mW) induced cell death in virtually all targeted cells, while almost none of the neighboring cells were killed. Thus, the output power could be adjusted within the interval 40-60% to achieve similar results depending on the tissue thickness.
To assess the functionality of cells exposed to laser light we thereafter carried out measurements of cytosolic calcium (Ca 2+ ) flux in HeLa cells. Cells were loaded with the Ca 2+ -sensitive probe Fluo-4/AM and examined under a fluorescence microscope. Exposing one single cell to 800 nm/390 mW/2.6 ms triggered a strong Ca 2+ transient in the exposed cell and minor influxes in neighboring cells ( Fig. 2I and J) . When the output power was increased to 80% (630 mW), neighboring cells also exhibited vivid Ca 2+ fluctuations (Fig. 2K and L) . Together, these results demonstrate that cell death can be induced in single cells while causing minimal damage to neighboring cells.
Collateral damage
Next, we investigated the influence of the exposure area and location on the target cell and on neighboring cells using 800 nm and 50% output power (390 mW). We decided to use our standard exposure area of 10 × 10 pixels and a smaller area of 2 × 2 pixels. With an exposure area of 10 × 10 pixels, we detected cell death in all target cells, whereas, with a smaller area of 2 × 2 pixels, 10% of the target cells were killed (Fig. 3A and G) . No neighboring cells were killed by either of the two exposure areas (Fig. 3B) . However, when we exposed the whole cell to laser light, collateral damage was observed in 60% of the experiments (Fig. 3B ).
Then, we tested different spatial locations of the exposure area using 800 nm/390 mW/2.6 ms/10 × 10 pixels. When exposing either the nucleus or the cytosol, we observed cell death in virtually all cells ( Fig. 3C and G) . To test different locations in the cytosol, we targeted the center or the plasma membrane of the cell. When exposing the center of the cell, we observed no collateral damage, while exposing the plasma membrane, we detected collateral damage in 20% of the experiments ( Fig. 3D and G) . The focus of the laser beam also had an effect on cell death. Light out of focus killed only 40% of the target cells (Fig. 3E) . We also reduced the duration time and observed no cell death at 0.3 ms (Fig. 3F) . With these results, we found that specific cell death could be induced using focused laser light of 800 nm/390 mW/2.6 ms targeted at the center of the cytoplasm. 
Spinal cord injury in zebrafish larvae
Thereafter, we sought out to test our method in zebrafish larvae. We used our previously characterized parameters 800 nm/390-450 mW/ 2.6 ms/10 × 10 pixels, hereafter referred to as zebrafish spinal cord lesion (zSCL) settings. To validate that our parameters worked in a living animal, we first targeted skin cells in a zebrafish larva at 24 hpf by injecting embryos at 1-4 cell stage with a mixture of pminiTol2(zK5p-EGFP) and Tol2 transposase RNA. These constructs induced a transient mosaic expression of EGFP in keratinized epithelial skin cells, we could examine the effect of our treatment with a fluorescence microscope. Exposing single skin cells of zebrafish 24 hpf with laser light with our zSCL-settings triggered cell death in targeted cells, while neighboring cells remained intact and functional ( Supplementary  Fig. S1A-C, Supplementary Video 1) . The loss of a single skin cell activated surrounding cells to retract and form an F-actin ring ( Supplementary Fig. S1D ), which indicated that neighboring cells remained functional.
Next, we wanted to explore the possibility of inducing SCI in a 4 dpf zebrafish larvae. This age was selected because the organogenesis of spinal cord is completed, and robust behavioral readouts can be assessed. Since SCI typically involves damage of a larger region in the spinal cord, we targeted a whole segment (Fig. 4A) . To enable visualization of the spinal cord we used a transgenic zebrafish line expressing GFP in astrocytes (GFAP:GFP). The animal was anesthetized with MS-222 and immobilized in a Petri dish with agarose. Thereafter, the Petri dish was mounted on the stage of a 2p microscope and imaged dorsally (Fig. 4B) . To outline the exposure area, we first recorded a z-stack of the spinal cord. The exposure area was set in the microscope software, and the zSCL-settings were used to induce SCI. As the spinal cord is threedimensional, we had to apply an exposure volume to cause damage throughout the entire 10 th segment of the spinal cord. This was accomplished by incremental steps of 6 μm. The effect of this treatment was checked by visualizing the spinal cord after laser exposure. The absence of the GFP-signal in the targeted area indicated cell damage (Fig. 4C) . After laser surgery, zebrafish were removed from the agarose to recover for two hours in fresh E3-water at 28.5°C. Then, animals were moved into individual wells in the behavior setup to acclimatize for a minimum of 10 min with the light turned on. When the experiment was initialized, we kept the light on for two min and thereafter off for three min. Turning off the light induces swimming behavior in zebrafish (Colwill and Creton, 2011) . We analyzed swimming distance and velocity. Animals with SCI showed significantly impaired swimming distance (Fig. 4D ) and swimming velocity (Fig. 4E ) compared to the sham group. Sham animals were anesthetized and immobilized in agarose in the same way as the treated animals. We compared our approach with a method reported by Wehner et al. (2017) , in which SCI was induced by a 30 G needle; and our method showed similar results at 2 hpl ( Fig. 4D and E).
It is well known that zebrafish have an intrinsic capacity for regeneration in the CNS and that they regain locomotor function after a lesion to the spinal cord. To validate that our method did not cause harsh side effects affecting the regeneration, we assessed functional recovery after laser-induced lesion to the spinal cord. We found that animals that were subjected to laser-induced SCI had impaired swimming distance and average velocity at 24 hpl compared to sham animals ( Fig. 5A and B) . However, the locomotor function of the treated animals was fully recovered at 48 hpl ( Fig. 5C and D) . When we compared the recovery of the swimming distance and average velocity between zebrafish with a SCI induced by a laser or a needle, we observed only minor differences.
To challenge our method further, we next wanted to target more precise regions in the spinal cord. Zebrafish have Mauthner cells, which are specialized neurons with the soma located in the brainstem and axons spanning the entire spinal cord (Eaton et al., 2001) . The zebrafish has two of these cells, making them ideal for inducing a partial lesion to the spinal cord (Bhatt et al., 2004) . The two Mauthner cells integrate all sensory modalities and synchronize the firing of motor neurons on the opposite side of the spinal cord while inhibiting the ipsilateral Mauthner cell. This results in a simultaneous unilateral contraction of the muscles, which translates into a C-start reflex. The Mauthner cells are labeled with GFP in transgenic Tol-056:GFP animals (Fig. 6A) . We induced a partial SCI by exposing both Mauthner cells' axons at the 10 th segment in 5 dpf animals with the zSCL-settings and observed a diminished GFP signal in the exposed area (Fig. 6B) . We analyzed the startle response by measuring the distance moved in response to acoustic stimulation. In SCI animals, we could still detect a reaction to acoustic stimuli, but the amplitude was dramatically reduced (Fig. 6C) . In addition, the typical C-start escape reflex (Burgess and Granato, 2007; Eaton et al., 2001) , was absent in animals with SCI. A quantitative analysis revealed a significant reduction in swimming distance per bout in SCI animals compared to sham animals (Fig. 6D) .
We also wanted to target a specific sub-region of the spinal cord to assess possible collateral damage in vivo. We directed laser light with the zSCL-settings at the right section of the 10th segment in GFAP:GFP 4 dpf zebrafish (Fig. 6E) and observed that the left hemisection remained unaffected after laser surgery (Fig. 6F) . Then, we performed locomotor studies to investigate swimming behavior in these animals. We found that animals with the right hemisection of the spinal cord treated with laser light showed mostly unilateral swimming trajectories (Fig. 6G) . As expected, the lesioned larvae displayed profoundly altered swimming trajectories, with spontaneous turns predominantly contralateral to the lesion (Fig. 6H) . Finally, we targeted the sensory region in the spinal cord of 4 dpf zebrafish and recorded the escape reflex 
Discussion
Trauma to the spinal cord involves a myriad of processes of different origins, e.g., hemorrhage, immune response, necrosis, apoptosis, hypoxia, and scar formation (Ahuja et al., 2017) . All these processes are consequences of the initial trauma. To increase our understanding of the pathophysiology of the trauma, we require more precise methods to induce SCI. Here we present a method that offers the possibility to induce SCI with single-cell resolution in zebrafish. This allows the SCI to be discriminated into separate events that can be extensively investigated separately. This is especially important for incomplete SCI, which can vary greatly, e.g., patients who suffer only minor disability effects, such as partial loss of sensation or minor defects in motor function (Hayes et al., 2000; Kirshblum et al., 2011) . In order to Fig. 5 . Functional recovery after laser-induced SCI in zebrafish larvae. Quantitative analyses of swimming distance (A) and velocity (B) 24 h post lesion (hpl) of sham animals (n = 4), needle induced SCI (n = 4), and laser induced SCI (n = 4). Quantitative analyses of swimming distance (C) and velocity (D) at 48 hpl of sham animals (n = 4), needle induced SCI (n = 4), and laser induced SCI (n = 4). Values are mean ± SEM, *p < 0.05, **p < 0.01, ns not significant. Values are mean ± SEM, *p < 0.05, ***p < 0.001.
identify and investigate what processes are involved in such incomplete injuries, reproducible methods to induce SCI is required. With our method, specific clusters of cells can be targeted, and the subsequent degenerative processes can be studied. This can be done without causing uncontrolled collateral damage, which normally happens when a needle or glass capillary is used to induce SCI.
Methods to induce cell death with single-cell resolution in organisms have been reported previously. Gahtan et al. used injections of fluorescent dextrans into far-rostral spinal cords of zebrafish to label descending nerve fibers and to specifically lesion single cells (Gahtan and O'Malley, 2001) . Lasers have previously been successfully used for microdissection of skin cells and blood vessels in rats (Frederickson et al., 1993; Nishimura et al., 2006) . Other reports have used similar methods for ablating single synapses (Allen et al., 2008) or transecting single axons within living C. elegans (Bourgeois and Ben-Yakar, 2008; Yanik et al., 2004) and investigating collateral damage in muscle cells surrounding the axon (Santos et al., 2013) . In an excellent recent study by Grutzendler and co-workers, a new method termed 2Phatal uses a 2p microscope to irradiate the nuclear binding dye Hoechst 33342 to induce specific apoptosis via reactive oxygen species (Hill et al., 2017) . They tuned their laser to 775 nm and exposed the cells for 5-20 s to laser intensities varying between 21.3 and 45.4 mW. Our goal was to establish a specific and reproducible method to induce SCI in zebrafish with just ordinary 2p microscope without additional accessories and pretreatments. Furthermore, we aimed to develop a method that could induce cell death in the millisecond range to avoid movement of specimen and subsequent off target damage.
One challenge with this work has been to determine the optimal values of the influencing parameters that are involved in inducing cell death. In this study, we have explored the following parameters: wavelength, laser intensity, exposure time, exposure area, and beam location. We have assessed these parameters to achieve an optimal result in inducing specific cell death with minimal collateral damage. However, these parameters can be combined in multiple ways to produce similar results. For example, a short duration time with high laser intensity produces similar results to a longer duration time with lower laser intensity. We chose a short exposure time because that is favorable when studying acute effects in living cells and animals. During a longer exposure time, it is more likely that the specimen will shift in position while exposed to the laser light. From Fig. 1 , we could conclude that the power of the laser light was greatly reduced after passing through all optical devices. At the focal plane we measured 390 mW when using 800 nm and the output power adjusted to 50%. This power should be feasible to produce with most commercial near-infrared femtoseconds lasers for 2p microscopy. If 390 mW at the focal plane cannot be produced, the exposure time could be increased to achieve similar results. When we compared our method with a previously reported technique, using a needle to inflict a SCI in zebrafish larvae, we could not detect any major differences in the acute effect nor the recovery rate.
Our method was developed to induce SCI in zebrafish larvae. However, this method can also be used for a wide variety of other applications, such as network studies in CNS, regenerative studies, functional assays, and biological processes in cell cultures, tissue cultures, organoids, and small animals, such as zebrafish, C. elegans and Drosophila melanogaster. The method is not optimal to use on larger animals, such as rodents, since the infrared light cannot penetrate deeper than approximately 1 mm (Theer and Denk, 2006) . The recent development of new lasers that focus three or more photons of less energy opens up the possibility for deeper penetration (Horton et al., 2013) . Photons of less energy exhibit less scattering which is crucial for tissue penetration.
In this work, we have studied the influence of laser light on cell death. The laser beam induces a heat-shock in the target cell, which creates a plasma cavity resulting in cell death. We have assessed cell morphology, DNA fragmentation, Ca 2+ signaling, and cleaved caspase-3/7 to determine cell death. We limited our studies to cell death, since the aim was to establish a method to induce SCI. However, there are reports that prolonged femtosecond laser irradiation of rather low laser intensity can cause reactive oxygen species production (Tirlapur et al., 2001 ). The results from our Ca 2+ imaging experiments revealed that lesioning one single cell by laser light triggered signaling events in neighboring cells. Such signaling event in adjacent cells can be caused by disruption of gap junction networks between cells (Malmersjo et al., 2013) and/or the lysed target cell leaking its content to its vicinity (Ono et al., 2003) .
Conclusions
Together, these results show that specific single-cell death can be achieved with femtosecond near-infrared laser pulses. By controlling the light exposure parameters, we could achieve specific SCI in zebrafish larvae. This method offers a precise and reproducible approach to target regions and cells in spinal cords with minimal collateral damage.
